Roundabout 1 (Robo1) is the cognate receptor for secreted axon guidance molecule, Slits, which function to direct cellular migration during neuronal development and angiogenesis. The Slit2eRobo1 signaling is modulated by heparan sulfate, a sulfated linear polysaccharide that is abundantly expressed on the cell surface and in the extracellular matrix. Biochemical studies have further shown that heparan sulfate binds to both Slit2 and Robo1 facilitating the ligandereceptor interaction. The structural requirements for heparan sulfate interaction with Robo1 remain unknown. In this report, surface plasmon resonance (SPR) spectroscopy was used to examine the interaction between Robo1 and heparin and other GAGs and determined that heparin binds to Robo1 with an affinity of w650 nM. SPR solution competition studies with chemically modified heparins further determined that although all sulfo groups on heparin are important for the Robo1eheparin interaction, the N-sulfo and 6-O-sulfo groups are essential for the Robo1eheparin binding. Examination of differently sized heparin oligosaccharides and different GAGs also demonstrated that Robo1 prefers to bind full-length heparin chains and that GAGs with higher sulfation levels show increased Robo1 binding affinities.
Introduction
Mammals have four roundabout receptors (Robo1e4) [1] . Robo1e3 have been established to be the cognate receptors for secreted axon guidance molecules (Slit1e3) [2, 3] , whereas the binding of Slit to Robo4 has not been universally accepted. Binding of Slit2 and Slit3 to Robo4 has been shown using supernatant from myc-tagged Slit2 or Slit3 transfected cells or purified recombinant Slits added to Robo4 expressing cells or in ELISA assays [4e6] . A recent study by Koch et al. [4] found that Robo4 bound another axon guidance molecule, UNC5B. Therefore, these studies suggest that the biological functions of Robo4 might be initiated by interacting with both Slit and UNC5B. Robo1e3 are mainly expressed in nervous systems, while Robo4 is specifically expressed in vascular endothelial cells and hematopoietic stem cells [2] . SliteRobo interaction is essential for development of the nervous system. For example, binding of Slit2 to Robo1 triggers cytoskeletal rearrangements within the axon growth cone, resulting in axon repulsion. This fundamental function of the SliteRobo interaction is conserved between invertebrates and vertebrates [7] . Recent studies have further revealed that the SliteRobo interaction also directs axon branching [8] and neuron migration [9] . In addition, SliteRobo interaction also regulates non-neuron-related functions, such as muscle precursor cell migration [10] , leukocyte trafficking [11] , development of lung [12] , kidney [13] , heart, and diaphragm [14, 15] , inflammation [16, 17] , tumor metastasis [18, 19] , angiogenesis [6,20e22] and hematopoietic stem cell trafficking [3] . These studies establish that SliteRobo signaling plays fundamental roles in both physiological and pathological processes.
Heparan sulfate (HS) belongs to glycosaminoglycan (GAG) family of anionic and often highly sulfated, complex, polydisperse linear polysaccharides. HS is abundantly expressed on the cell surface and in the extracellular matrix where it interacts with a large number of protein ligands [23e25] . HSeprotein interactions have been demonstrated to critically modulate the biological activity of the proteins through various mechanisms, including immobilization of proteins in the matrix, regulation of enzyme activity, binding of ligands to their receptors, and protection of proteins against degradation [25] . As a result, diverse pathophysiological processes are modulated by the interaction between heparin/HS and proteins including: blood coagulation, cell growth and differentiation, host defense, viral infection, lipid transport and metabolism, cell-to-cell and cell-to-matrix signaling, inflammation and cancer [23e27] . An understanding of HSeprotein interactions at the molecular level is of fundamental importance to biology and might aid in the development of highly specific glycan-based therapeutic agents [24, 28] .
Compelling evidence has demonstrated that HS critically regulates SliteRobo function during nervous system development [29e35]. Slit1 and Slit2 bind the HS proteoglycan glypican-1 through its GAG chain [36] . Additionally, Drosophila Robo forms a complex with the GAG chain of syndecan [33] and also binds to heparin [30, 37] . These observations suggest that HS may interact with Slit and Robo simultaneously, resulting in the formation of ternary Slit/Robo/HS signaling complexes on cell surface thereby facilitating the SliteRobo signaling, reminiscent of the well-accepted FGF/FGFR/HS and VEGF/VEGFR/HS models [38e42] . In previous studies we used heparin, a highly sulfated form of HS that is abundantly available, as a model of HS to determine the structural features required for HS to interact with Slit2 and Slit3, and demonstrated Slit shows a heparin/HS-specific interaction with high affinity and depends on the size, the degree of sulfation, the presence of N-and 6-O-sulfo groups and carboxyl moiety of the polysaccharide [43, 44] . In the present study, we carried out surface plasmon resonance (SPR) analysis to determine the HS structure that is important for HS interaction with Robo1.
Materials and methods

Materials
The GAGs used in this study include porcine intestinal heparin (16 kDa), low molecular weight (LMW) heparin (Enoxaparin, 4.8 kDa) and porcine intestinal HS (11.7 kDa) (Celsus Laboratories, Cincinnati, OH); porcine rib cartilage chondroitin sulfate A (20 kDa) (Sigma, St. Louis, MO), porcine intestine dermatan sulfate (also known as chondroitin sulfate B, 30 kDa, Sigma), dermatan disulfate (4,6 disulfo DS, 33 kDa, Celsus) prepared through the chemical 6-Osulfonation of dermatan sulfate [45] , shark cartilage chondroitin sulfate C (20 kDa, Sigma), whale cartilage chondroitin sulfate D (20 kDa, Seikagaku, Tokyo, Japan), squid cartilage chondroitin sulfate E (20 kDa, Seikagaku), and Streptococcus zooepidemicus hyaluronic acid, sodium salt (100 kDa, Sigma). Fully desulfonated heparin (14 kDa), N-desulfonated heparin (14 kDa) and 2-O-desulfonated IdoA heparin (13 kDa) were all prepared based on literature procedures [46] . A 6-O-desulfonated heparin (13 kDa) was prepared as described previously [47, 48] . Heparin oligosaccharides, including disaccharide (dp2), tetrasaccharide (dp4), hexasaccharide (dp6), octasaccharide (dp8), decasaccharide (dp10), dodecasaccharide (dp12), tetradecasaccharide (dp14), hexadecasaccharide (dp16) and octadecasaccharide (dp18), were prepared from controlled partial heparin lyase 1 treatment of bovine lung heparin (Sigma) followed by size fractionation. Chemical structures of these GAGs are shown in Fig. 1 . Sucrose octasulfate (SOS) was from Toronto Research Chemicals, Toronto, Canada. Sensor SA chips were from GE Healthcare (Uppsala, Sweden). SPR measurements were performed on a BIAcore 3000 (GE Healthcare) operated using BIAcore 3000 control and BIAevaluation software (version 4.0.1).
Protein expression and purification
Human Robo1 (Ig domains 1 and 2) was expressed as a soluble secreted fusion protein in HEK293 by transient transfection of HEK293 suspension cultures. The coding region of the human roundabout homolog 1 precursor (NP_002932, Uniprot Q9Y6N7) Ig domains 1 and 2 (residues 58e266) was chemically synthesized by GeneArt AG (Regensburg, Germany) with an additional NH 2 -terminal fusion of the 7 amino acid recognition sequence of the tobacco etch virus (TEV) protease and a termination codon at the 3 0 end of the coding region. The synthetic DNA contained a flanking 5 0 EcoRI site and a 3 0 HindIII site and was subcloned into a similarly digested, chemically synthesized [5] CMV promoter with intron, post-regulatory element, termination, and terminal repeat sequences as previously described [49] . The final fusion protein sequence was comprised of a 25 amino acid NH 2 -terminal signal sequence from the Trypanosoma cruzi lysosomal a-mannosidase [50] followed by an 8xHis tag, 17 amino acid AviTag [51] , "superfolder" GFP [52] , the TEV protease recognition site, and the Ig1-2 domains of Robo1. This expression vector was designated Robo1-pGEn2 and the recombinant product termed Robo1-GFP.
Suspension culture HEK293f cells (Life Technologies, Grand Island, NY) were transfected and recombinant products were purified essentially as described [49] by chromatography on Ni-NTA superflow (Qiagen, Valencia, CA) followed by elution in 25 mM HEPES, 300 mM NaCl, 300 mM imidazole, pH 7.0. Fractions containing fluorescence were pooled and concentrated to w1 mg/ml using an ultrafiltration pressure cell membrane (Millipore, Billerica, MA) with a 10 kDa molecular weight cutoff. For removal of the GFP fusion tags, the concentrated Robo1-GFP preparation was treated with recombinant His-tagged GFP-TEV protease (1:20 ratio) at 4 C overnight followed by 15-fold dilution in 25 mM HEPES, 300 mM NaCl, pH 7.0. The sample was then passed through a Ni-NTA column to remove the cleaved fusion tag and His-tagged GFP-TEV and further purified by Superdex 75 chromatography. The final Robo1 preparation was concentrated by ultrafiltration and buffer exchanged into 100 mM ammonium bicarbonate, pH 7.4 to a final concentration of 0.6 mg/ml.
Preparation of heparin biochip
Biotinylated heparin was prepared by reaction of sulfo-N-hydroxysuccinimide long-chain biotin (Piece, Rockford, IL) with free amino groups of unsubstituted glucosamine residues in the polysaccharide chain following a published procedure [53] . The biotinylated heparin was immobilized to streptavidin (SA) chip based on the manufacturer's protocol. In brief, 20-mL solution of the heparinebiotin conjugate (0.1 mg/mL) in HBS-EP running buffer was injected over flow cell 2 (FC2) of the SA chip at a flow rate of 10 mL/min. The successful immobilization of heparin was confirmed by the observation of a w250 resonance unit (RU) increase in the sensor chip. The control flow cell (FC1) was prepared by 1 min injection with saturated biotin.
Measurement of interaction between heparin and Robo1 using BIAcore
Protein samples were diluted in HBS-EP buffer (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20, pH 7.4). Different dilutions of protein samples were injected at a flow rate of 30 mL/ min. At the end of the sample injection, the same buffer was flowed over the sensor surface to facilitate dissociation. After a 3 min dissociation time, the sensor surface was regenerated by injecting with 30 mL of 2 M NaCl to get fully regenerated surface. The response was monitored as a function of time (sensorgram) at 25 C. The sensorgrams of various Robo1 concentrations were globally fitted to either a 1:1 Langmuir model or a two-state binding (conformational change) model as described by the following equation:
ABx where the equilibrium constants of each binding step are
, and the overall equilibrium binding constant (or association constant) is calculated as
In this model, Robo1 (A) binds to heparin (B) to form an initial complex (AB) and then undergoes subsequent binding or conformational change to form a more stable complex (ABx) [56] .
Variable contact time of the interaction of Robo1 with heparin
Robo1 (500 nM) in HBS-EP running buffer was injected at different injection times (30, 60 , 90 and 120 s) over flow cell 1 (control) and flow cell 2 of the SA sensor chip. A kinetic injection mode was used, flowing the protein for (30, 60 , 90 and 120 s) and monitoring the dissociation for 3 min. The response was monitored as a function of time, and after each analyte injection the surface was regenerated with 1 min injection of 2 M NaCl. The conformational change that occurs in the complex was examined by comparison of the dissociation phase of the normalized sensorgrams.
2.6. Solution competition study between heparin on chip surface and heparin-derived oligosaccharides in solution using SPR Robo1 protein (500 nM) mixed with 1000 nM of heparin oligosaccharides, including dp2edp18, in HBS-EP buffer were injected over heparin chip at a flow rate of 30 mL/min. After each run, the dissociation and the regeneration were performed as described above. For each set of competition experiments, a control experiment (only protein without any added heparin or oligosaccharides) was performed to make sure the surface was completely regenerated and that the results obtained between runs were comparable. 
Results
Kinetics measurement of Robo1eheparin interactions
Previous biochemical and genetic experiments have shown that HS (which serves as an essential co-receptor) is required for Slite Robo signaling and have also shown that Robo1 is a heparin binding-protein [37, 55] . However, the HS structure that is required for HS to interact with Robo1 remains unknown. To address this issue, we used heparin as a molecular model of HS and carried out SPR analysis to characterize GAG binding to Robo1. Heparin was immobilized on SA sensor chips and sensorgrams of Robo1ehep-arin interaction were obtained by injecting different concentrations of Robo1 (Fig. 2) . The sensorgrams of various Robo1 concentrations were globally fitted to either the 1:1 Langmuir model or the twostate (conformational change) binding model. The binding kinetics are presented in Table 1 . These sensorgrams fit to a Langmuir 1:1 binding model (chi-squared value: 399) resulting that Robo1 binds to heparin with a dissociation constant K D of w650 nM ( Fig. 2A) . A much better fitting profile (chi-squared value: 72) was obtained when fitting with the two-state (conformational change) binding model (Fig. 2B) , suggesting the binding of heparin to Robo1 may induce a conformation change in Robo1. Global fitting of the sensorgrams provided on and off rate constants of the binding and the conformational change equilibrium from which an apparent affinity constant K D of 1.4 mM was calculated. 
Variable contact time of the interaction of Robo1 with heparin
Additional information of the conformational change can be achieved with an SPR experiment that varied the contact time between ligand and analyte [56] . Longer association times allow the conformational change to take place to a greater extent, generating a more stable conformation, which is reflected by a slower dissociation rate. To further confirm if the Robo1ehepa-rin binding causes conformational change, different association times of the interaction of Robo1 with heparin were performed for different injection times (30, 60, 90, and 120 s) . The resulting sensorgrams were normalized in Fig. 3A, and (Fig. 3B) , indicating that Robo1 and heparin show a slower dissociation rate when longer association times are used. These results are consistent with best fitting profile using the conformational change fitting model (Fig. 2) .
Competition study on the interaction between immobilized heparin and Robo1 using heparin-derived oligosaccharides and SPR analysis
Solution/surface competition experiments were performed by SPR to examine the effect of heparin size on the heparineRobo1 interaction. Different sized heparin-derived oligosaccharides, ranging from dp2 to dp18 were examined in the solution phase at a concentration of 1000 nM (Fig. 4) . No competition was observed for disaccharide (dp2) and little competition was apparent for oligosaccharides ranging in size from dp4 to dp 18 and for low molecular weight heparin. Only sol uble heparin, having an average molecular weight of 12,000, could eff ectively compete with surface immobilized heparin for Robo1 binding.
SPR solution competition study using different chemically modified heparins
Sensorgrams from the SPR competition experiments using chemically modified heparins (1 mM) are displayed in Fig. 5 (top) . Control dp2 dp4 dp6 dp8 dp10 dp12 dp14 dp16 dp18 LMWH heparin The results show that all the four chemically modified heparins (fully desulfonated heparin, N-desulfonated heparin, 2-O-desulfonated heparin and 6-O-desulfonated heparin) showed no inhibitory activities. Next, SPR competition experiments were performed with increasing concentrations (from 2.5, 5, 10 and 20 mM) of chemically modified heparin, heparin, HS, or SOS (as a non GAG control), and results were summarized and shown in Fig. 5 (bottom). The findings include: i) N-desulfonated heparin and fully desulfonated heparin showed no inhibitory activities at all concentrations tested; ii) Heparin showed the strongest concentration-dependent inhibitory activity, HS, 2-O-desulfonated heparin and 6-O-desulfonated heparin showed weak concentration-dependent inhibitory activities;
iii) SOS showed also a weak inhibitory activity, which was not concentration-dependent. These results suggest that heparin fine structure plays an important role in its interaction with Robo1. The N-sulfo and the 6-O-sulfo groups (rather than the 2-O-sulfo groups) of heparin appear to be essential for heparin interaction with Robo1.
SPR solution competition study of different GAGs
The SPR competition assay was also utilized to determine the binding preference of Robo1 to various GAGs (Fig. 1) . The same concentration (1000 nM) of different soluble GAGs was present in the Robo1/immobilized heparin interaction solution. SPR competition sensorgrams and bar graphs of the GAG competition results are displayed in Fig. 6 . Only soluble heparin produced a strong inhibition. CSD and Dis-DS showed weak inhibitory activities and the rest of tested GAGs showed no inhibitory activities.
Discussion
Biochemical and genetic studies have shown that HSPG/GAGs play important roles in regulating key developmental signaling pathways, such as the pathways for Wnt, Hedgehog (Hh), and fibroblast growth factors (FGFs) [22e27] . Previous studies have reported that HS is absolutely required for SliteRobo signaling [36] . HSPGs serve as essential co-receptors in SliteRobo signaling by promoting the formation of a ternary SliteRoboeHS signaling complex [36, 54, 60] . However, quantitative biophysical binding studies to Robo, exploring a broad range of GAG fine structures, have not been done. In this study we applied SPR analysis to examine the interaction between Robo1 and heparin and other GAGs.
SPR competition experiments were performed with different sized heparin-derived oligosaccharides (from dp2 to dp18). Chain length requirements for heparin protein interactions have been reported for binding to other proteins, including: Shheheparin, FGFeheparin and IL-7eheparin interactions [57e59]. These chain size requirements are smaller than those observed for Robo1. This result is in partial agreement with Fukuhara et al. [54] , who predicted that longer HS/heparin chains (five or more disaccharide units) might be required to span the SliteRobo interface like a bridge without fully entering into the crevice near the Robo IG1-2 boundary. The large heparin chain length requirement for Robo1 binding appears to be critical for accommodation of the protein as shorter saccharide chains may not suffice in neutralizing the positive charged heparin binding regions of Robo. There is an electrostatic surface of positive charge on Robo near the interdomain regions of Robo molecules [54] . The small difference between dp18 and LMWH is either due to the slightly larger average size of LMWH or the presence of small amounts of larger (>dp20) heparin chains in the LMWH. SPR competition experiments with different GAGs and chemically modified heparin clearly showed that the inhibitory activity was dependent on the level of GAG sulfation and fine structure. For example, the inhibitory activity of heparin is greatly reduced when it is desulfonated, and the inhibitory activity of dermatan sulfate increases when it is sulfonated to Dis-DS. The inhibitory effects of soluble GAGs on the Robo1/immobilized heparin interaction was greatest for heparin with 2.8 sulfo groups per disaccharide repeating unit, followed by CSD and Dis-DS with 1.5e2 sulfo groups per disaccharide. HS with 1.2 sulfo groups per disaccharide, CSB, CSA and CSC with <1 sulfo group per mole disaccharide showed no inhibitory effects at 1 mM concentration. Surprisingly, CSE (with 1.5e2 sulfo groups per disaccharide) showed no inhibitory effect at a concentration of 1 mM. These results suggest that GAG fine structure plays a role in interaction with Robo1.
In conclusion, our SPR analysis shows that Robo1 is a heparinbinding protein with a high affinity (K D w 650 nM) for heparin. The binding of heparin to Robo1 appears to result in a conformation change within Robo1, although this may need to be confirmed using alternative experimental approaches. The SPR solution competition study shows that Robo1 binding to heparin is chain length dependent and Robo1 prefers to bind full chain heparin. In addition, higher sulfation levels of GAGs enhance their binding affinities to Robo1. Low sulfated GAGs (HS, CSA, CSC) having low/no binding affinity to Robo1. While all sulfo groups on heparin are involved in the Robo1eheparin interaction, the N-sulfo and 6-Osulfo groups appear to play a particularly important role. The Slite Robo1 interaction has been shown to critically modulate some physiological processes, such as neuronal development, axon migration and angiogenesis [2e4,6e17,20e22] and pathological processes, such as tumor genesis and metastasis [18, 19, 60] . Our kinetic and structural analysis of HS/heparin in interaction with Robo1 may provide useful information for the rational design of HS/ heparin-based agent to promote or block the SliteRobo1-mediated biological processes. However, to exploit this potential application, further studies will be needed to establish the precise molecular mechanism of this interaction. Site-directed mutagenesis would also be useful for determining the Robo1 residues that are required for HS/heparin-binding and the spatial structural arrangement of Robo1/heparin complex. Meanwhile, study on the structureeactivity relationship in the HS/heparin modulation of SliteRobo1-mediated cell signaling is underway.
